DFT study on the the stability and reactivity of Pt(100) and Pt(111) surfaces modified by nickel UPD monolayer deposition have been carried out. We used the binding energy calculation of bimetallic structures versus the cohesion energy of the bulk adsorbate to quantify the underpotential shift ( E upd) to determine the stability of the bimetallic systems. The reactivity of the clean and modified surface was analized by energy levels of the highest occupied molecular orbital (HOMO), softness and local softness. We concluded that the stability of Pt(100) 25 Ni 9 and Pt(111) 25 Ni 10 bimetallic structures cannot be explained by excess of the metal-substrate binding energy but the instability can be explained by structural effects. We found that the modified surfaces are more reactive and the active sites are located in the centre of the cluster which favores the formation of islands of atoms onto these surfaces.
* Corresponding author (eacast@gmail.com, castro@quimica.unlp.edu.ar)
1-INTRODUCTION
The anomalous behaviour of small amounts of metals electrodeposited on foreign metal substrate have been known for a very long time [1, 2] . The anomaly is the apparent violation of Nernst´s law, that is, a part of metal electrodeposited on foreign metals surfaces is oxidized a much more positive potential than the reversible Nernst potential in the same electrolite. Later, the potential difference between the oxidation potential of metal deposited on "inert" foreign metal substrate and the reversible Nerst potential of the depositing metal in the same electrolite was called underpotential shift ( E upd) an the process itself underpotential de position (UPD) [3, 4] . This apparent violation of Nernst´s law simply reflects the fact that the bond between metal and substrate is stronger than that between the adatoms of the deposited metal and hence the deposit spreads over the substrate [4] .
It has been found that a linear correlation of unit slope exists between E u pd and the difference between the work function ( ) of the support (substrate) and that of the bulk metal overlayer [5] . This finding, predicted theoretically [6] , is compatible with a model of ionic bond formation between the first metal atom deposited and the foreign substrate, although alternative explanations have been offered. As coverage increases, lateral interactions reduce the adsorption strength and this can be taken as an indicator that ionic bond is gradually converted to metallic bond at full coverage.
The simple correlation between E u pd and has been observed with polycristalline metal surfaces [5] . The same correlation should be expected with single crystal faces:
metal deposition should begin at a more positive potential on the faces with higher work function ( ) , ie, on the more compact face. However no definite experimental confirmation can be observed in this case.
The underpotential deposition of bimetallic systems like Pt/Ag, Pt/Cu and Pt/Au has been widely studied [7] , nevertheless there exist other systems like Pt/Ni of which there is not much experimental information because nickel electrodeposits on Pt are produced in the potential range where the hydrogen evolution reaction takes place. Since the mechanism of nickel-UPD on platinum is extremely complex due to the coadsorption of anions and hydrogen a theoretical study result interesting, starting off from a simple model, about the different aspects that can favor the occurrence of this phenomenon.
One more a finished idea on structural and energetic aspects involved the nickel-upd can contribute to the understanding of this phenomenon.
The present work refers to DFT calculations for describing the stability and reactivity of Pt(100) and Pt(111) surfaces modified by nickel UPD monolayer deposition. We have considered two model systems: i)a clean platinum surface ii)modified platinum surface adsorbing a metallic atom.
Changes in the work function of Pt (100) and Pt (111) induced by the adsorption of metallic ad-atoms allow to analyzing the interaction adsorbato-sustrato. The binding energy calculation of bimetallic structures versus the cohesion energy of the bulk adsorbate allows to quantize the underpotential shift ( E upd) and to determine the stability of the bimetallic systems: Pt(100) n Ni m , Pt(111) n Ni l (n = 25, m = 9 and l = 10).
The reactivity of the clean and modified surfaces were analized by: i)energy levels of the highest occupied molecular orbital (HOMO), ii)sofness and local softness.
2-METHODOLOGY
Density function theory (DFT) as implemented in Gaussian 03 [14] has been used for all the calculations. The hybrid B3LYP density functional method was used, which includes Becké s 3-parameter nonlocal-exchange functional [15] with the correlation functional of Lee et al [16] . The effective-core-potential LANL2DZ basis set [17] is used for the atomos of Ni and Pt.
The Pt single crystal electrodes with (100) and (111) surfaces were modeled using Pt(100) 25 and Pt(111) 25 clusters. Both clusters were built with 16 atoms in the first layer and 9 atoms in the second layer, Fig. 1 .a y b.
In order to simulate the atom deposition of Ni on (100) and (111) taken from X-ray difraction study [18] . The Pt-Ni distance was taken as 0.263 nm (average
The optimization of the geometry of the metallic ad-atoms was carried out maintaining fixed the geometry of the susbstrate. This optimization allows to predict the adsorbate structural changes when ni atoms interacting with the surface Pt (100) and Pt (111).
Atomic populations were calculated using Mulliken population analysis, moreover, we used the electron density condensed to the atom to analize the population distribution. This value between different atoms is indicating stronger bonds between these atoms.
2-a-Underpotential shift
Underpotential deposition (UPD) of metals is an electroreduction of metallic ions on foreign metal susbstrate (S) in the underpotential range ( E upd), that is, in a potential region positive to the Nernst potential of the depositing M z+ /M couple [19] :
The reason for the underpotential deposition is the excess binding energy of an adsorbed metal atom on a foreign metal surface (E S-Mads ) relative to the binding energy of a deposited metal atom on a surface of its own kind (E M-Mads ):
In the present work the binding energy E S-Mads and E M-Mads where obtained as:
Where E clusterPt/M is the energy of metallic monolayer adsorbed on Pt surface, E clusterP t is the Platinum cluster energy , E M is the monolayer energy, E clusterM/M is the energy of metalic monolayer (M) adsorbed on cluster of it own kind (cluster M), E clusterM is the cluster M energy, respectively.
The underpotential shift can be calculated by the following relationship
According to this definition underpotential deposition (UPD) happens when E S-Mads is greater than the E M-Mads .
In this model the adsorption anion and solvent effects are not considered, they can play an important rol in the stabilization or destabilization of the adsorbed monolayer.
2-b-Reactivity Indicators
DFT has provided a very useful framework for the theoretical description of charge distribution and related properties, such as the chemical reactivity of chemical compounds.
Well-known chemical concepts, e.g. electronegativity, chemical potential, ionization potential, electron affinity, hardness and sofness, all emerge from DFT calculations.
Hardness and softness were defined as global reactivity indicators, and helped to justify Sanderson´s electronegativity equalization principles [20] , Pearson´s hard-soft acid.base (HSAB) principle [21] , and the maximun hardness principle [22, 23] . In this study, we use the softness to represent the global reactivity of the surface. The softness can be defined [24] as the inverse of the hardness, [25] as
Where is the electronic chemical potential, which is identified with the negative of electronegativity, [26] as
And E is the energy, N is the number of electrons of the systems, and v(r) is the external potential. S can be represented, by a finite difference approximation as follows [21] ,
Where IP and EA are the vertical ionization potential and electron affinity, respectively.
Form DFT, local descriptor, such as hardness and softness kernels [27, 28] , local hardness [24] , local softness [24] and Fukui function indices [29] , were derived to explain the reactivity or selectivity at a particular site of the system. In this work, we adopted the local softness to describe the local reactivity of the surfaces. The local softness is defined as
Where ( r ) is the electron density at the site r. Based on Eq(6), and the fact that the local softness should be integrated to give the global softness, then
The local sofness s(r) can be identified as 
for an electrophilic attack. In a finite difference approximation, these indices can be written 
for a nucleophilic attack, and
for a electrophylic attack.
3-RESULTS

Stability of Pt(100) 25 /Ni 9 and Pt(111) 25 /Ni 10 structures
As a first step towards modelling a Ni covered Pt(100) and Pt(111) surface, the most favourable binding sites for a Ni atoms on Pt surfaces were determined. At each site the distance Ni-surface was optimised maintaining fixed the Pt-Pt distance in the cluster.
It was found that Ni atoms are bonded more strongly to the hollow site in Pt(100) (-3.77 eV) and hollow(3-3) in Pt(111) (-3.60 eV) surface, the equilibrium distance is equal to 0.16 nm.
and 0.189 nm, respectively, as shown in Tables 1 and 2. For comparing, Mulliken population analysis of Ni atom on Pt surface at different adsorption sites is listed in Table 3 . One can see that Ni atoms are positive charged, which implies that the electron transfer occurs from Ni to Pt surface.The hollow and the hollow(3-3) sites correspond to the least electron transfer , whereas the on top sites correspond to the most one. The numbers between parenthesis in Table 3 indicate atoms involved in the interaction, taken as reference figures 2 and 3.
Our calculation also reveals that in the on top site, the electron transfer mainly occurs from Ni to Pt surface atom. But in the bridge and threefold sites, the electron transfer occurs from the two, three and four neighboring surface Pt atoms, respectively, Table 3 .
The overlap population is a measure of the shared electronic density between two atoms. A large positive value indicates the atoms in question are bonded, a negative value indicates the atoms are in an anti-bonded state.
The overlap population analysis allows to understand the greater Ni atom binding energy on a face (100) than in one (111). This is due tothe fact that atom Ni interacts with four surface atoms located at a (100) plane, while at a (111) plane the interaction is through just three atoms.
Negative values for the overlap population are observed in the hollow and holllow (3-3) sites in (6-5) interaction between nickel atom and platinum atom pertaining to the inferior layer cluster, the values are -0,045 and -0,007, respectively, they indicate an anti-bonded state (Table 3) .
Once determined the equilibrium position of Ni atom on Pt surfaces a Ni monolayer was deposited on both platinum surfaces, obtaining two bimetallic structures: Pt (100) 25 Ni 9 and Pt (111) 25 Ni 10, Figure 4 .
Relaxation has been allowed to Ni monolayer maintaining fixed the substrate geometry and optimizing the vertical distance between substrate-adsorbate (d S-A ) and nickel-nickel distance atoms (d Ni-Ni ) in the monolayer.
In Table 4 we can see that the distance of monolayer from platinum surface (d S-A ) is the largest for the adsorption on the more compact surface. In both cases the equilibrium distance (d S-A ) is considerably shorter than the distance between lattice planes (average distance: (d Pt-Pt +d Ni-Ni )/2). These results indicate an extraordinary strong perpendicular relaxation of adsorbate on both crystalline faces of the platinum surface.
In the lateral relaxation the distance between Ni atoms in the monolayer is greater with respect to the Ni lattice constant (Ni-Ni=0.25 nm) for both faces with values 0.290 nm and 0,268 nm for Pt (100) and Pt (111), respectively ( Table 4 ). The resulting monolayer in both surfaces is slightly distorted by the proper Pt substrate structure, i.e., the Ni monolayer keeps the lattice constant of the substrate. These results agree with our previous studies on this system using semiempirical methods [31] .
The binding energy at the minimun for bimetallic structures Pt (100) 25 Ni 9 and Pt (111) 25 Ni 10 . were used to calculate E upd according to Eq. (5) and the values are reported in the Table 5 . According to our definition when Eupd is negative implies that the E S-Mads is greater than E M-Mads and then the phenomenon UPD is favored, while the opposite would predict overpotential deposition (OPD). Thus, the present results indicate that from a purely energetic view point UPD does not ocurre for these systems.
Calculations in a vacuum show that expanded monolayers are more unstable than bulk methal face consequently this can be one of the reasons for which upd is not favored.
Speculating on the posibility of the formation of an incomplete monolayer before the bulk deposition , as it happens in Pt(110), we are interested in to analyzing the reactivity of Pt/Ni bimetallic systems.
Reactivity of Pt(100) 25 /Ni 9 and Pt(111) 25 /Ni 10 structures
HOMO´s energy of a finite cluster model can directly be related with the work function of the extended system [24] . Table 6 shows the HOMO energy levels of the four systems:
Pt(100) 25 , Pt(111) 25 , Pt(100) 25 Ni 9 and Pt(111) 25 Ni 10 .
According to the HOMO energy values the clean Pt (100) 25 surfaces is more stable than the clean Pt (111) 25 surface. The níckel monolayer adsorption destabilize the HOMO level of both surface in 0.55 eV for Pt(100) 25 Ni 9 and 0.44 eV for Pt(111) 25 Ni 10 . This means that the modified surfaces are more reactive that the clean surfaces. Table 7 shows the values of the softness of the four systems. The softness of the surface modified increases being the Pt(111) 25 Ni 9 the more reactive one. (100) 25 ad Pt(111) 25 clusters.
The local softness allows to identify the most active sites in the surface. According to Fig. 4 the greater reactivity of cluster Pt (111) 25 is located in the center. We can observe that the central atoms, 2 ,11 and 12 have the greatest values of local softness and these atoms define the hollow (3-3) site, therefore we can assign the greater activity to that site.
Nevertheless, atoms near these central atoms present great values of local softness (2 and 9 atoms), consequently a zone of greater reactivity could be identified. The presence of active sites or active zone (group of atoms) favours the formation of island atoms onto this surface. This would allow to speculate with the possible formation of nickel islands on platinum surfaces before de Ni bulk deposition.
The Ni monolayer adsorption increase the local softness in the more active site and zone on Pt(111) 25. The clean Pt(100) 25 surface present a centralized concentration of the reactivity and when it is deposited the monolayer of nickel is observed an increase in the local softness for 1, 2, 3 and 4 central atoms. These atoms define the hollow site in the surface consequently this site could be identified as the most active site.
4-CONCLUSIONS
We have investigated the stability and reactivity of Pt(100) and Pt(111) surfaces modified by nickel UPD monolayer deposition using the binding energy calculation of bimetallic structures versus the cohesion energy of the bulk adsorbate to quantify the underpotential shift ( E upd) and to determine the stability of the bimetallic systems. The reactivity of the clean and modified surface was analized by energy levels of the highest occupied molecular orbital (HOMO), softness and local softness. All our calculations were made using hybrid B3LYP density functional theory method.
According to the above-reported calculations we concluded that the stability of Pt(100) 25 Ni 9
and Pt(111) 25 Ni 10 bimetallic structures cannot be explained by the metal-substrate excess binding energy . The instability of the bimetallic systems can be related to the distorted nickel monolayer adsorbed.Our results are not conclusive in this point because the applied model has not considered the presence of adsorption anion and solvent effects.
The reactivity of the clean Pt(100) and Pt(111) surfaces increases with the nickel monolayer adsorbed .We foud that the active sites and active zones are located in the centre of the cluster which favores the formation of island of atoms onto these surfaces.
Comparing the reactivity of the clean surfaces, the (111) face is more reactive than the (100) face. The modification of the surfaces by adsorbed monolayer reactivates both surfaces but the (111) face is the one that presents greater reactivity. P t 1 P t 2 P t 3 P t 4 P t 5 P t 6 P t 7 P t 8 P t 9 P t 1 0 P t 1 1 P t 1 2 P t 1 3 P t 1 4 P t 1 5 P t 1 6
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